Abstract-This paper presents the design and validation of an ungrounded haptic augmented reality system that alters the roughness and friction of a rigid 3-D object. The user touches the object via a custom haptic stylus; the stylus tip is a ball mounted in a socket that has low internal friction and produces minimal vibrations, necessary conditions for creating a haptically clean interaction. We determine contact position and force using a six-axis force/torque sensor beneath the object. The object's apparent roughness and kinetic friction are altered using haptic models that we previously created from real tool-surface interaction data. The textural roughness model generates a vibration waveform in real time, which is played through a voice coil actuator. A solenoid inside the stylus applies a braking force to the ball for friction rendering. The friction model continually controls the solenoid current, setting the effective kinetic friction coefficient between the stylus tip and object surface to values between 0.20 and 0.52. Analysis of commanded and displayed haptic signals verifies that this system accurately overlays the modeled roughness and friction on the object's geometry, providing a significantly better match than the same models rendered using a Phantom Omni.
I. INTRODUCTION

I
NTERACTING with an object in the physical world produces a wide array of touch sensations that allow one to perceive and interpret the object's material properties. Vibrations and forces that encode roughness, friction, and hardness are essential cues to our interactions with the physical world and are often missing from virtual worlds. This lack of realistic touch sensations is largely due to limitations in traditional haptic devices and rendering methods.
For a virtual environment to feel realistic, the free space surrounding the objects must feel free [1] . However, the mechanical properties of traditional kinesthetic impedance-type haptic devices limit the transparency of virtual free-space interactions. The linkage and motor inertias combine with the handle mass to create a larger effective mass that the user must move around [1] . Furthermore, friction in the bearings and motors translates to static and kinetic friction forces that the user must overcome to move [1] . Vibrations generated by the cables, bearings, and motors used in traditional haptic devices also corrupt the haptic signals that are being displayed [2] . Unfortunately, these unwanted haptic attributes (inertia, friction, and vibrations) are not consistent across the workspace and cannot simply be compensated for in software [3] . Rather, avoiding these problems requires an improved mechanical design.
Traditional haptic devices are further limited by position measurement quantization and computational time delays, which result in a maximum stable stiffness that is well below the stiffness of real rigid objects [4] . Prior work has shown that displaying event-based tapping transients increases the perceived hardness of a virtual object [5] , but the underlying stiffness remains too low, making the surfaces feel unrealistically soft during steadystate contact. The device's limited maximum force output creates the additional potential for contact saturation during deep pressing exploration, which also detracts from the realism of the virtual interaction [1] . This paper presents a novel haptic augmented reality system we have engineered for displaying roughness and friction on the surface of a 3-D physical object. The system uses previously developed haptic texture vibration and friction force models [2] , [6] , [7] to match the surface properties of real materials. We use lessons we have learned from psychophysical studies with our prior haptic rendering systems [2] , [7] to design new rendering hardware that presents higher fidelity haptic signals to the user.
We address the limitations of kinesthetic haptic devices by using a stiff physical object in place of a virtual object. We use an ungrounded haptic stylus with on-board actuators to overlay haptic texture vibration and friction force signals when the user touches the object, creating a haptic experience that is a mix of real and virtual sensations. Such haptic augmented reality systems have many parallels to visual augmented reality enabled by cameras and head-mounted displays [8] . Although this approach cannot quickly change the object geometry, it has the potential for delivering a better haptic experience in both free space and contact.
The mechatronic system presented in this paper deviates significantly from traditional haptic rendering, but the objectives are the same: measure how the user's tool is contacting the object, output realistic texture vibrations, and output realistic friction forces. As in past work, our goal is to simulate the experience of touching diverse real surfaces through a tool as realistically as possible. After Section II summarizes relevant related research, Section III describes our method for determining the tool contact position, speed, normal force, and friction force from a single six-axis force/torque sensor. Section IV details the design of our ungrounded haptic rendering tool's main components. Section V presents and analyzes our methods for rendering haptic texture vibrations and friction. Section VI discusses the limitations of this approach and ideas for future work. Finally, the contributions of this paper will be summarized in Section VII. This system is described in further detail in [9] .
II. BACKGROUND
The field of visual augmented reality has recently experienced rapid growth, fueled by the growing popularity and technological advances of smart phones and virtual reality headsets [10] . Visual augmented reality overlays visual information, particularly virtual objects, on real-world scenes. This concept of mixed real and virtual environments has been expanded to include haptics as well [8] . Users can touch a completely real object, a completely virtual object, or a real object with virtual haptic sensations added to augment how it feels. A key challenge lies in creating a scene where the visuals and haptics work seamlessly together.
Many researchers have focused on the challenge of adding virtual objects to a visually real scene. In the majority of these systems, the user feels and interacts with the virtual objects through a traditional force-feedback haptic device [11] - [13] . Although these systems create distinct virtual objects, they all share the limitations of force-feedback devices: inertia, friction, and vibrations contaminate the experience, and high stiffness cannot be stably rendered. They also have a limited workspace.
Another area of haptic augmented reality involves changing how a physical object feels through the addition of haptic feedback; past work has tended to focus on changing only one attribute. For example, researchers have created systems that change the perceived friction between a tool and the physical surface. Jeon et al. modulated the friction of a physical surface using a Phantom force-feedback device to control lateral force [14] . However, noise in the tool's estimated velocity due to low position resolution sometimes resulted in oscillations in the rendered friction force. In another approach, Wintergerst et al. created a set of styli that could actively alter the friction between the stylus tip and a touch screen [15] . An electromagnetic coil was used to attract a rolling ball, which increases the force resisting the motion of the stylus. This system, however, did not allow for active control of the friction between stylus and surface because the system could not sense force.
Researchers have also created haptic augmented reality systems to change the perceived hardness of physical objects. Jeon and Choi modulated the stiffness of a physical object using a single Phantom force-feedback device [8] , [16] , [17] and using two Phantom devices to simulate squeezing [18] . The maximum hardness of the augmented objects in these systems was limited by stiffness capabilities of the force-feedback devices. In an alternative approach, Hachisu et al. created a system to alter the perceived hardness of a physical surface by displaying tapping transients with a voice coil actuator [19] .
Haptic augmented reality systems have also been created to change the perceived roughness of physical objects. Bau et al. controlled the electrostatic friction between a touchscreen and the user's finger to change the perceived roughness of a 2-D surface [20] . Bau and Poupyrev then expanded to 3-D objects using reverse electrovibration to change the perceived roughness [21] . Other approaches include electrical stimuli displayed through electrodes [22] and sinusoidal vibrations played through a voice coil actuator [23] attached to the user's finger. These systems changed the perceived roughness of real objects, but they did not aim to match the texture of real surfaces.
Researchers have sought to create more realistic virtual textures by using data captured from real interactions with rough surfaces. Some researchers have taken the simple approach of directly playing back vibrations recorded from dragging across the surface [24] , [25] . In order to create more dynamic virtual interactions, other researchers have created data-driven texture models using decaying sinusoids [26] , [27] and autoregressive (AR) models [6] , [7] , [28] .
More generally, stylus-based haptic devices have been popular among researchers because they can be used for both input and output. They are often designed to improve touchscreen usability by providing event-based information such as button clicks [29] . Researchers have also developed haptic styli to present tactile stimuli, including coarse textures and patterns [30] and texture vibrations [28] . Other haptic styli have been designed to present ungrounded torque [31] and kinesthetic [32] sensations. The colocated input and output, combined with the close proximity of the actuators to the user's fingers, make styli an ideal form for haptic devices.
III. INTERACTION CONDITION MEASUREMENTS
The haptic feedback our system delivers needs to respond appropriately to the user's motions and forces for virtual touch interactions to feel realistic [33] , [34] . In particular, rendering the haptic texture vibration and friction force models we previously developed [2] , [7] requires real-time measurements of the user's normal force and scanning speed. This section describes the hardware and software methods our new system uses to collect these data.
A. Hardware
We must consider both the measurements needed and the overall user experience when determining the best hardware for measuring the user's interaction conditions. Displaying roughness and friction on the surface of a physical object requires measurement of three axes of both contact force and tooltip position, and we wanted to create a device that was not overly large or cumbersome to use. Instead of putting the haptic interaction sensors inside the tool, we offload the sensing by placing a sixaxis force/torque transducer (Nano17 SI-25-0.25, ATI Industrial Automation Inc.) underneath the physical object, as shown in Fig. 1 . We can calculate contact position and force from this single sensor, as discussed below. For this prototype, we used a 25.4-mm cube as the physical object, which was rigidly mounted to the force sensor via a custom 3-D-printed adapter, as shown in Fig. 1(b) . The force applied to the object by the user is measured by the Nano17, which has a force resolution of 1/160 N and a torque resolution of 1/32 N·mm. The signals are read by the computer at 1000 Hz through a 16-bit USB analog-to-digital DAQ device from National Instruments. The sensor is zeroed with the object attached, and the voltages are low-pass filtered at 20 Hz to suppress noise.
During rendering, we measure the three axes of force and torque information as the user drags a tool along any portion of the physical object. It is important to correctly determine whether the user is touching the object because the realism would be significantly degraded if texture vibrations were displayed when the tooltip was in free space. We detect contact by comparing the magnitude of the measured force vector to a force threshold value; this threshold was chosen by clamping the force sensor to a table and monitoring the measured force as noise was added to the force signals by tapping on the table near the sensor. We selected the force threshold to be F thresh = 0.08 N as this was the minimum value for which no false contacts were detected.
B. Position Measurement
We combine a geometric model of the object with measurements of the force and torque it experiences to estimate the tool's contact location without the need for a separate position sensor. This method for determining contact position through intrinsic contact sensing was first proposed by Bicchi et al. [35] and has been previously implemented in a medical simulator by Riener et al. [36] .
A diagram illustrating our method for determining the contact position for a simple cube is shown in Fig. 1(c) ; Fig. 1(d) shows the same for a 3-D mesh. Fig. 2 shows a flow diagram outlining the full process. The user's applied force is transmitted directly through the rigid object, so the measured force is equal to the applied force. Assuming a single contact point, the relationship between the moment M and the force F measured by the force/torque sensor is
where r is the unknown position vector from the origin of the force/torque sensor to the point of contact. This equation cannot be solved directly for r because the skew-symmetric matrix representing the cross product is not invertible. However, we can represent the line of action of F as
where λ is a scalar parameter with the units mm/N and r * is any vector from the sensor origin to the line of action. As given in [36] , this vector can be calculated as
The point of contact can then be calculated by finding the intersection points between the force's line of action and the surface of a 3-D geometric model of the object. Our prototype employs a cube, for which it is trivial to calculate the intersection points, as shown in Fig. 1(c) . Fig. 3 shows the estimated tool trajectory across three sides of the cube, plus the force and torque signals used to calculate the tool's position. There are clear changes in the torque signals as the tool moves from one face of the cube to another. For objects with more complex geometry, we represent the surface of the object as a triangle mesh, as shown in Fig. 1 
(d).
The contact point is determined by first extending each triangle into a plane, and calculating the intersection point between the force line of action and each triangle plane. We then calculate the Barycentric coordinates of the intersection point for each triangle. If all three Barycentric coordinates are between 0 and 1, the intersection point is inside the triangle. When the line of action passes through more than one point on the surface of the object, as it usually does, the point where the force is oriented into the surface is chosen as the point of contact. The contact point determination can be simplified for objects with a triangle mesh by first checking triangles adjacent to the prior point of contact. To avoid multiple potential points of contact, the physical object must be convex. We calculate the tool's speed from a history of the points of contact.
The physical size of the object is limited by the sensor's maximum rated torque, which is ±250 N·mm about each axis in our setup. From study data recorded in [6] , we found that the average force applied by a user when dragging a tool across a textured surface was 1.1 N, and the maximum force applied by any of the users was 4.3 N. Therefore, it is reasonable for us to assume that the user of our system will not apply a force higher than 5 N. If we assume the object is centered in the x-and y-directions shown in Fig. 1 (a) and does not extend below the top of the sensor, the maximum size of the object is 10 cm × 10 cm × 5 cm.
1) Noise in Position Measurement:
The level of noise in our system can be understood using an analysis of the propagation of uncertainty for a simple 2-D case. For this analysis, we assume a vertical normal force is applied in the negative z-direction ( F = −Fk) at a horizontal distance r = rĵ from the origin using the coordinate frame defined in Fig. 1(a) . The resulting moment is M = −Mî. From (3), the vector from the origin to the line of action of the force is r * = M Fĵ . Using error analysis, the uncertainty in r * is
where ΔM and ΔF are the uncertainty in the sensor's moment and force measurements, respectively. Therefore, the uncertainty introduced in the calculation for the position depends on the applied force and moment values. The calculated position's force dependence is evident in the experimental system. Fig. 4 shows calculated trajectories as a tool is dragged across a smooth acrylic surface at three force levels. As predicted above, there is more noise in the position signal when the normal force is low. The estimated trajectories are smoother at medium or high force values.
2) Position Resolution: The system's position resolution was measured by recording the contact position as a probe was statically held by the experimenter with approximately constant force at the center and near the four corners on the top surface of the cube. Five trials were conducted for each of the five points. For each trial the deviation of the position measurements from the average measurement for that trial was calculated separately in the two horizontal directions. The first and last 50 ms of each trial was excluded to eliminate effects of loading and unloading the force sensor. The position errors were combined across all trials and points. The error did not exceed ±0.5 mm in either direction for any trial. A two-sample Kolmogorov-Smirnov test indicated that the two error distributions were not statistically different between the two horizontal directions (p = 0.29). Furthermore, the error distributions were not statistically different across different trials or points on the cube. These results indicate that the static position resolution of our system is approximately 0.5 mm, which is equivalent to the position resolution of the magnetic tracking sensor used in our haptic recording device (Ascension 3D Guidance TrakSTAR). Therefore, the position resolution of the developed system is high enough to render our textural roughness models. Furthermore, our system does not actively generate a friction force, but rather relies on the user's tangential motion to generate the friction force. Therefore, the control scheme does not rely on an estimation of the user's direction of motion and the rendered friction is not affected by the position resolution. However, the position resolution may limit the overall complexity of the physical object used in rendering.
C. Force Measurement
Once the point of contact has been determined, we separate the measured force vector into its normal and tangential components. First, the vector normal to the surface at the point of contact (ê n ) is calculated from the geometric model. The inner product is calculated betweenê n and the force vector F to find the magnitude of the normal force, F n . The tangential force vector is calculated as F t = F − F n . The friction force, F t , is the magnitude of the force tangential to the direction of motion.
IV. MECHANICAL STYLUS DESIGN
This section describes the design and analysis of our ungrounded haptic stylus, which was optimized to minimize friction and vibrations. The device's physical characteristics are summarized in Table I .
A. Tooltip Design
To achieve low baseline friction between the stylus and any object surface, we designed a stylus whose tip contains a rolling ball similar to [15] . Four spherical metal bearings allow the ball to rotate in all directions, as shown in Fig. 5(a) . This design is superior to a simple spherical socket, which is more susceptible to wear and has more friction overall. The central ball must be rigid and have a low coefficient of friction with the bearings in order to roll smoothly with low friction and minimal vibrations. The materials must also have good abrasion resistance to limit wear. Delrin and PTFE (Teflon) were considered because of their low friction, but the surface finish on the plastic balls was not smooth, causing noticeable vibrations during rolling. Instead we chose chrome steel for both the bearings and the center ball because of its surface quality, hardness, and wear resistance. The socket was printed out of ABS plastic using a Stratasys Objet30 3D printer because of its high resolution (28 μm), high accuracy (0.1 mm), and smooth surface finish.
B. Analysis of Socket Design
1) Dynamic Analysis:
We look at the simplified 2-D version of the socket shown in Fig. 6 (a) to analyze its dynamic behavior. When the tool moves horizontally to the right, the ball rotates clockwise. The bearings are fixed in their sockets, and the ball is slipping along the surface of the bearings. Although the center ball is rolling without slipping, we want the user to feel as though the tip of the stylus is sliding on the surface with the coefficient of kinetic friction μ. To accomplish this goal, we enforce the Coulomb relationship F = μN to create the system's effective surface friction. Fig. 6(b) shows a free-body diagram of the forces acting on the center ball. Assuming the system moves at constant velocity, the force and moment balance equations are
where R is the radius of the ball, μ is the effective friction coefficient between tool and surface, μ b is the kinetic friction coefficient between the bearings and the ball, and μ sp is the kinetic friction coefficient between the ball and the solenoid plunger. We assume the friction between the bearings and center ball obeys the Coulomb relationship:
The tip of the solenoid plunger was coated in rubber to increase friction. The coefficient of kinetic friction between the solenoid plunger and the ball was experimentally determined to be μ sp = 0.6 by measuring the normal and tangential forces as the ball was dragged across a metal plate coated in the same rubber. By solving (5)- (7) with a desired value for μ, we find that the force the solenoid plunger must apply to the ball is proportional to the normal force the user applies
where ϕ is the scalar parameter:
The values for μ b and μ sp are known properties of the system, and μ is the desired effective surface friction. Although the value of ϕ is allowed to be greater than one in the theoretical calculations, this condition cannot occur in the physical system. If the force applied by the solenoid N s is greater than the user's normal force N , the bearing contacts must be in tension, which is physically infeasible. Setting the constraint ϕ ≤ 1, we find the theoretical maximum surface friction for our prototype is μ max = 0.578.
2) Friction in the Socket: If the ball rolls without slipping, the effective friction between the tool and a rigid surface should not depend on the surface. Rather, the measured surface friction should depend only on the friction between the bearings and the center ball. However, the static friction between the ball and the surface must be sufficiently high for rolling to occur; otherwise, the ball will simply slide along the surface. This rolling behavior is an important part of the mechanism for modulating the perceived friction between tool and surface, as will be discussed in Section IV-D.
To determine the level of friction in the socket, we dragged the tool across a smooth, rubber-coated surface mounted to the Nano17 force sensor and measured the resulting normal and friction forces. We estimated the effective coefficient of kinetic friction between the ball and the surface by fitting a line to the measurements of normal and friction force (μ = 0.17). This finding sets the lowest coefficient of friction that the haptic augmented reality system can display. Solving (5)- (7) with N s = 0, we find that μ b = 0.12.
3) Vibrations in the Socket: Dragging the tooltip along a typical surface generates vibrations that would undesirably affect the feel of the interaction. Therefore, the choice of the object surface and the socket design are important to system performance. The surface needs to be smooth to minimize the unwanted vibrations, and it must have a high enough coefficient of friction to initiate rolling of the ball. Furthermore, a high friction surface is necessary to increase the range of possible friction coefficients of the system; the absolute maximum coefficient of friction is equal to the sliding friction between the tooltip and Haptic augmented reality stylus designed to alter the perceived roughness of a physical object by displaying texture vibrations through the Haptuator. The friction between the stylus tip and an object is modulated using a braking force applied to the steel ball by the solenoid. the surface. To conform to these constraints, we chose a rigid acrylic cube that is covered in a thin layer of rubber coating (Plasti Dip, Performix).
To test the level of inherent vibrations in the system, we dragged the tool over this smooth, rubber-coated surface and measured the resulting vibrations using an accelerometer (ADXL321, Analog Devices) attached near the grip location. The low power of these undesired vibrations (0.02 m 2 /s 4 ) shows a large improvement over our previous rendering system, which used an Omni (0.39 m 2 /s 4 ) [2] .
C. Roughness Actuation
Textural roughness vibrations are played through a voice coil actuator (Haptuator Redesign, Tactile Labs TL-002-14R) that is rigidly attached to the stylus, as shown in Fig. 5 . The actuator is placed below the user's grip position so that the vibrations seem to emanate from the tip of the tool, increasing the realism of the interaction. The virtual texture signal is scaled and converted to a voltage, which is output through an analog output pin on a Sensoray 626 PCI card at 1000 Hz. The output voltage is passed through a linear current amplifier with a gain of 1 A/V.
D. Friction Actuation Design
This section describes the modifications that were made to the stylus to allow for modulation of the friction force between the tool and the physical surface. We embed a linear solenoid in the body of the stylus to apply a force to the top of the ball, as shown in Figs. 5 and 6. This braking force actively changes how difficult it is for the ball to roll, which alters the friction between the ball and the surface.
1) Solenoid Selection:
The critical characteristics we considered in choosing a solenoid were its size and force rating. Since the solenoid must be embedded in the body of the stylus, it could not be too large, or the tool would be unwieldy. The solenoid must be able to apply forces high enough to produce a wide range of braking forces on the ball. If the user applies the maximum normal force we expect in the system (N = 5.0 N), the force the solenoid would have to apply to the ball to achieve the theoretical maximum surface friction is 1.73 N. To satisfy these requirements, we chose a 12.7-mm-diameter, 25.4-mmlong tubular solenoid (Ledex, STA 195203-234).
As shown in Fig. 5 , the solenoid is placed near the back of the stylus to prevent it from overheating the user's fingers. A custom 90-mm-long, 1.6-mm-diameter solenoid plunger was machined out of tool steel to accommodate the solenoid's placement and allow its tip to apply forces to the ball. The tip of the plunger is coated in rubber to increase friction with the ball.
2) Force Versus Current Relationship:
The theoretical relationship between current applied to the solenoid coil and the force exerted by the solenoid plunger at a fixed position can be determined by first looking at the magnetic field induced in the coil when current runs through the wire. The magnetic field B at the open edge of the solenoid coil can be calculated as
where μ 0 is the magnetic permeability of free space, i is the current in the coil in amps, n is the number of coil windings per meter, is the length of the coil in meters, and r is the radius of the coil in meters. Through conservation of energy, the force that the coil exerts on the solenoid plunger can be found using the difference in the energy of the magnetic field between when the solenoid is empty and when the plunger is fully inside the solenoid. This change in energy can be calculated as
where πR 2 is the volume of the solenoid plunger and μ r is the relative magnetic permeability of the plunger material. The holding force of the solenoid plunger is calculated as
(12) The relationship between force and current for our solenoid was experimentally determined by testing a range of current values. For each current value, the body of the solenoid was held, while an increasing force was applied to the end of the solenoid plunger. The peak force that was applied before the plunger moved was recorded as the force that the solenoid coil exerts on the plunger. The resulting peak force values are shown in Fig. 7 . The curve shown in Fig. 7 was calculated using (12) . The theory shows a good fit to the measured force values. The solenoid plunger is made out of tool steel, which has a relative magnetic permeability of μ r = μ m /μ 0 = 2780. The minimum force that the solenoid can exert on the ball is the weight of the solenoid plunger, which for our system is 0.042 N.
3) Thermal Analysis: Heat is generated in the solenoid coil when current is applied. Thus, an aluminum heat sink was attached around the solenoid to avoid overheating.
To analyze the temperature in the solenoid over time, we applied four levels of constant current for eight minutes each. The level of heat generation is greater than the level of cooling, causing the temperature of the coil to increase. We can estimate the temperature of the coil by measuring its resistance, which increases with temperature. During each trial the resistance of the coil was recorded every 30 s. The temperature in the coil can be calculated as
where T i is the ambient temperature, R(t) is the resistance in the coil at time t, R i is the initial resistance in the coil, and α is the temperature coefficient of resistance for the copper wire (α = 0.00386 When driven at 100% duty cycle, the power output by the solenoid should be limited to 4 W to avoid damage due to heat. Our chosen solenoid is rated to withstand temperatures up to 120
• C. The temperature of the coil remained below this potentially damaging temperature in all trials. However, it is not enough to consider only the temperature of the coil; we must also consider the comfort of individuals who will be using the device. Although the solenoid's heat sink is above the point where the user will grip the stylus, it is possible for the heat sink to contact the user's hand. Therefore, we must avoid temperatures that are too high to comfortably touch. This requirement does not necessarily limit the current we can use to drive the solenoid, but it may limit the amount of time one can use the system before the heat sink becomes uncomfortably hot. The heatsink becomes too warm after about 5 min of constant maximum current.
4) Current Drive Versus Voltage Drive:
As shown in (10) and (12) , the force applied by the solenoid is directly related to the current flowing through the coil. Thus, to apply a constant force with the end of the solenoid plunger, the current flowing through the coil must be kept constant. If a constant voltage was commanded, the current through the coil would decrease over time as the coil heated up. Therefore, to maintain a constant force applied by the solenoid plunger to the ball, we use current drive; our current amplifier has a gain of 1 A/V.
V. HAPTIC RENDERING
This section discusses our methods for changing the effective roughness and friction of the physical object. We also include an analysis of how closely the rendered signals match the commanded signals. The full haptic rendering system is shown in Fig. 8 .
A. Augmented Roughness
The haptic models used to change the perceived roughness of the physical object were previously created from short acceleration, force, and speed signals recorded when an experimenter dragged our custom sensorized recording tool across a real textured surface [7] . The vibrations felt during dragging encode the roughness of the surface [37] and depend on the normal force and scanning speed used. For each material, the recorded vibration signal is modeled as a piecewise autoregressive (AR) process by breaking the signal into segments where the frequency content is approximately constant. Each acceleration signal is then modeled as an AR model and is labeled with the median force and speed used during that segment. Each AR model describes the behavior of the texture vibrations at a specific force and speed value, and the textural roughness model for a material is composed of the set of all AR models.
The 3-D virtual haptic rendering system presented in [38] showed that it is simple to map our haptic textural roughness models to an arbitrary 3-D shape. Rather than requiring the exact position of the tool, the texture vibrations depend on only the user's current tangential speed and normal force. During rendering, the user's interaction conditions can be measured using the force/torque sensor placed underneath the object, as discussed in Section III. These values are calculated at 1000 Hz and are used to select the appropriate AR models to use in generating the texture vibration signal. The user's current tangential speed and normal force are used to interpolate between models as described in [7] . The next output value is calculated at every time step by driving the interpolated model with a white Gaussian excitation signal. After the texture vibration signal is generated, it is played back through the Haptuator.
B. Augmented Friction
The kinetic friction models were previously created by fitting a linear Coulomb relationship to normal and tangential force signals measured when the recording tool was dragged across a real textured surface [38] ; the slope of this line is the surface friction coefficient μ. During rendering, we control the effective friction between the stylus and the physical object by applying a force with the solenoid, N s , that is proportional to the user's normal force, N , as shown in (8) . Using the relationship between solenoid force and current shown in (12) and experimentally verified in Fig. 7 , the required current can be calculated as
We experimentally determined the relationship between ϕ and μ by recording the normal and friction forces felt by the object when the tool was dragged across the top surface. For each value of ϕ, a constant current determined using (14) was applied to the solenoid, and the object's effective coefficient of friction, μ, was calculated by fitting a line to a plot of the measured friction force versus normal force. Representative plots of the recorded force values are shown in Fig. 9(a) . The plots exhibit a strong linear fit with slight deviation from the average friction value, illustrating that the surface friction can accurately be controlled by setting ϕ to a constant value. If such performance was deemed insufficient, feedback control could be added. where N is the tool's normal force and μ is the desired coefficient of friction. Therefore, only real-time measurements of the tool's normal force are needed to accurately control the friction between the tool and the surface. The minimum measured coefficient of friction was μ min = 0.20, which is slightly higher than the friction measured in Section IV-B2. This discrepancy is caused by the rubber-tipped solenoid plunger, which is always in contact with the ball. The maximum measured coefficient of friction was μ max = 0.52, which is close to the theoretical maximum determined in Section IV-B1. However, this maximum friction cannot be achieved for all interaction conditions. To avoid damaging the solenoid by exceeding its maximum rated power, we limit the current to i max = 0.3 A. For coefficients of friction higher than μ = 0.35 N, the maximum normal force the user can apply before the current required to drive the solenoid exceeds i max is less than our assumed limit of N max = 5 N. Thus, for higher friction values, the user's normal force should be restricted so the solenoid's current limit is not exceeded. Fig. 10 shows the operating range for our friction modulation system. 
C. System Analysis
We evaluated the system's performance in recreating the modeled roughness vibrations and friction coefficients by comparing the commanded signals to the forces and vibrations felt by the user during rendering. We tested the system by simulating four materials (Terra Cotta, MDF, Tarp, and Cardboard) that have a wide range of roughness amplitudes and friction coefficients within the rendering capabilities of our system. For each material, the experimenter dragged the tool across the top surface of the rubber-coated cube for 20 s, varying tangential speed and normal force. The texture vibrations were generated and output as described in Section V-A, and the system was commanded to maintain a constant coefficient of kinetic friction to match the selected material's modeled friction coefficient. The vibrations were measured using an accelerometer (ADXL321, Analog Devices) attached to the outside of the pen. Fig. 11 shows the resulting commanded and measured haptic signals.
The measured vibrations closely match the commanded vibrations in both overall power and variability over time. For all materials, the average power of the measured vibrations was slightly higher than the average power of the com- ). The match in the power of the vibrations shows a large improvement over the rendering system in [2] , due to the significant decrease in the level of unwanted vibration noise that is experienced with our system versus the vibrations inherent in a cable-driven forcefeedback device. As presented in Section IV-B3, the power of the vibrations measured when no texture is displayed was 0.02 m 2 /s 4 , which is 18 times lower than the power of vibrations we measured from a Phantom Omni. The improved match in the power of the vibrations is critical to improved fidelity in recreating the texture vibrations, especially for low roughness surfaces such as Cardboard.
For all materials, the measured friction force closely followed the commanded friction force, and the average error between the commanded and measured friction force is low: Terra Cotta (R 2 = 0.96,F diff = 0.07 N), MDF (R 2 = 0.98,
The error in the friction force shows a large improvement over the rendering system in [2] , which had a significantly poorer match between commanded and measured friction force with an average error of 0.7 N, ten times higher than the force error of our system. The deterministic quadratic relationship between the commanded current and the braking force of the solenoid allows the output friction force to closely follow the commanded friction force. Conversely, the rendering system in [2] showed poor tracking between the commanded and measured friction force due to the device's internal friction.
The measured friction coefficient was calculated at each time step using the present measurements of normal force and friction force. All materials show a measured effective friction coefficient that slightly oscillates around the commanded friction coefficient. Although the measured friction coefficients are not constant, the variations of the rendered friction coefficients (std μ,r = 0.03) are on the same order of magnitude as the variations in measured friction seen in the real-surface data used to make the friction models (std μ,m = 0.02). Therefore, the results in Fig. 11 show that the system can accurately modulate the effective friction to match the friction of the real surface, while simultaneously displaying realistic texture vibrations.
VI. DISCUSSION
The results presented in Section V-C demonstrate that our system accurately recreates the modeled roughness and friction signals. The stylus system has very low unwanted vibrations, which enables the vibrations felt by the user to match the commanded texture vibrations more closely than when the same surfaces are rendered by a Haptuator attached to a Phantom Omni. Prior research has shown that a better vibration match results in more realistic textures [28] , [39] . By directly controlling the friction force between tool and surface, our system does not experience the large variations between commanded friction force and force felt by the user present in traditional cable-driven force-feedback devices. Although the force sensor is expensive, the overall cost of the system is moderate due to the low cost of the hardware in the stylus itself. Therefore, this system exhibits greatly improved rendering performance over traditional grounded haptic devices for similar cost.
Although our system has many benefits over traditional haptic devices, the maximum kinetic friction coefficient output by our system is less than for a typical force-feedback device because we do not use a motor to apply the friction force. Thus, our system is not capable of rendering the full range of typical friction coefficients. The friction range of our system is limited by the force output of the solenoid and the friction coefficients between the solenoid and the ball and between the ball and the surface. A larger solenoid could be used to increase the maximum coefficient of friction, but it would increase the size and mass of the stylus and might lead to additional heating issues. It may be more feasible to improve the rubber coating on the object and the tip of the solenoid if a higher coefficient of friction is needed.
Placing the force sensor underneath the object allows for a smaller stylus because the pen does not need to include force and position sensors. Although this force sensor placement may be against the typical nature of ungrounded haptic systems, our system achieves their underlying purpose, which is to make free space feel free and provide a haptic interaction where the user is unencumbered. Allowing the user to move their hands freely is especially critical for applications such as medical simulation. Using the same hand motions as in clinical practice and feeling realistic haptic feedback may lead to better translation of clinical skills than traditional medical simulators can support.
Although we use a small and simple object in this initial prototype, the system can be easily scaled to larger objects with more complex geometry. The system requires only a physical copy of the object and knowledge of the geometric model. Any object the user wants to render could be 3-D-printed and coated in rubber; the system would then use the triangle mesh of the object to determine contact location. Furthermore, multiple objects could be attached to the same sensor if the relationship between the objects was included in the physical model. The size of the object(s) is limited by the torque range of the sensor, and the sensor could be replaced with one that has a larger torque range if a larger workspace was desired. If one wanted to alter the perceived friction of an arbitrary object, rather than one prepared and coated as described in this paper, the friction control scheme could be adapted as a feedback system rather than as direct control as was proposed in Section V. The adaptability of the system would also allow for its use in design. Designers could create a computer model of their product, 3-D-print it, and then use the proposed system to change the perceived material of the object, allowing them to quickly iterate the design without needing multiple physical prototypes.
In this paper, we model and render the friction using a Coulomb relationship since we found this simple model to accurately capture the behavior of the materials of interest. However, the system we present is capable of rendering more complex friction models, including viscous and Stribeck effects. Additionally, if the target value was known, static friction could be rendered by fully stopping the motion of the ball until the friction limit was reached.
VII. CONCLUSION
This paper presented a novel haptic augmented reality system for altering the effective roughness and friction of a rigid 3-D object. First, we described a method for determining contact position on a 3-D object using a geometric model of the object and measurements of the applied force and torque. Analysis of this method indicated that the position resolution is approximately 0.5 mm for our system, which is comparable to other commercially available position measurement systems. Next, we described the design of a low-friction low-vibration stylus created to ensure smooth interactions with the object. This haptically clean experience is necessary to increase the realism of the additional roughness and friction feedback. We then attached a voice coil actuator to the stylus to display previously modeled texture vibrations, and we designed a novel mechanism for modulating the effective friction between the stylus and the physical surface. This friction control includes a solenoid that applies a braking force to the ball, which increases the friction between the ball and the surface. The experimental range of friction between the tool and surface was from μ = 0.20 to μ = 0.52. Experiments verified that this system can accurately output the commanded texture vibrations and modulate the surface friction to a commanded value. This haptic augmented reality system can be used to create a wide array of haptic surfaces, while alleviating the problems of high inertia, internal friction, undesired vibrations, and low contact stiffness common to many force-feedback devices.
